Although there is a great deal of knowledge regarding the phyloand ontogenetic plasticity of the neocortex, the precise nature of environmental impact on the newborn human brain is still one of the most controversial issues of neuroscience. The leading modelsystem of experience-dependent brain development is binocular vision, also called stereopsis. Here, we show that extra postnatal visual experience in preterm human neonates leads to a change in the developmental timing of binocular vision. The onset age of binocular function, as measured by the visual evoked response to dynamic random dot correlograms (DRDC-VEP), appears to be at around the same time after birth in preterm (4.07 mo) and full-term (3.78 mo) infants. To assess the integrity of the visual pathway in the studied infants, we also measured the latency of the visualevoked response to pattern reversal stimuli (PR-VEP). PR-VEP latency is not affected by premature birth, demonstrating that the maturation of the visual pathway follows a preprogrammed developmental course. Despite the immaturity of the visual pathway, clearly demonstrated by the PR-VEP latencies, our DRCD-VEP data show that the visual cortex is remarkably ready to accept environmental stimulation right after birth. This early plasticity makes full use of the available extra stimulation time in preterm human infants and results in an early onset of cortical binocularity. According to our data, the developmental processes preceding the onset of binocular function are not preprogrammed, and the mechanisms turning on stereopsis are extremely experience-dependent in humans.
experience-dependent development | evoked potential S tereopsis provides accurate depth perception by aligning the views of the two eyes in some of the rodents and in most carnivores, primates, and humans. The binocular system is unique among other cognitive capacities because it is alike across a large number of species; therefore, a remarkable collection of molecular, cellular, network, and functional data (1-6) is available to advance the understanding of human development. This system is also unique in its relatively abrupt onset during ontogeny. The onset of binocular function follows the emergence of eye-specific organization of the visual cortex into ocular dominance columns, which seem to develop with the initial guidance of intrinsic molecular and electrical signals (1) (2) (3) . Later on, in a distinct phase of development called the "critical period," the ocular dominance columns become particularly open to alteration by extrinsic environmental signals (4, 5) . The well-defined timeline of developmental events is another valuable characteristic of binocular vision (6) , persistently bringing it into the limelight of studies on cortical plasticity.
To address the origin of early plasticity of the binocular system in humans, we studied preterm human neonates compared with fullterm infants. We asked whether early additional postnatal experience, during which preterm infants have an ∼2 mo of extra environmental stimulation and self-generated movement, leads to a change in the developmental timing of binocular function. Here, we introduce a developmental model that directly compares preterm and full-term infants with respect to the onset of a particular function. Studying preterm infants helps to clarify the nature of developmental processes that ignite the onset of a function, and it can conclusively be determined whether early binocular development is a result of preprogrammed or experience-dependent processes. Assuming that the individual onset ages of a particular visual function approximate normal distribution, the time of onset for a population is best localized by the steepest part of the cumulative onset-distribution function (Fig. 1) . As is explained in Fig. 1 , the onset age of a particular function can be expressed either in postnatal age (PNA) or in adjusted age. Preprogrammed processes are indicated by an equivalent time of onset in preterm and in full-term infants, as expressed in adjusted age, whereas a delayed onset time is expected in preterm compared with full-term infants on a PNA scale (Fig. 1A) . Experience-dependent processes are indicated by a shorter onset time in preterm vs. full-term infants, as expressed in adjusted age, whereas an equivalent time of onset in preterm and in full-term infants is expected as expressed in PNA (Fig. 1B) . A diplomatic balance between preprogrammed and experience-dependent processes would naturally fall in between these options. This paradigm allowed us to obtain surprisingly clear-cut results: we found that binocular function is experience-dependent at the extreme, and human cortical development, as probed by our experiment, does not follow a preprogrammed course.
To avoid confounding factors from retinal or neurologic injury of the premature visual system, we only included "low-risk" premature infants, who were not affected by the consequences of longterm respiratory treatment or reanimation and did not have major disabilities resulting from, e.g., cerebral lesions or retinopathy of prematurity, as detailed in SI Text. At birth, the mean adjusted age of the preterm group (n = 15) was 31.27 ± 3.03 wk and that of the full-term group (n = 15) was 39.07 ± 1.33 wk.
To determine the onset age of binocular function, we used a visual evoked potential (VEP) protocol with dynamic random dot correlograms (DRDC) as stimuli (7) (8) (9) (10) (11) . The VEP protocol is useful to avoid difficulties and artifacts arising from behavioral estimation of onset times in a preverbal population, such as infants. DRDC stimuli are faultless probes of binocular function because the alternation of the stimulus can only be detected by subjects with intact cortical binocular function (8, 9) . DRDCs alternated at 1.875 Hz between binocularly correlated and anticorrelated phases, resulting in a pulsating percept. VEPs were recorded from the scalp of the infants (12) . Typical evoked cortical responses of preterm and full-term subjects of different ages are shown in Fig. 2A . The recorded VEPs were analyzed in the time and frequency domain, as we have described it previously (11) . Although it has been debated whether VEP responses to the alternation of correlated/anticorrelated dynamic random dots are a sign of stereopsis in monkeys (13) , recordings in adult human subjects and older children indicated that this response only occurs in subjects with intact binocular function (8, 9, 11) . Previous studies have shown that DRDC-VEP response has an abrupt onset between 3 and 6 mo of age (8-10), and it is followed by the rapid development of stereopsis to "near-adult" level by 6-7 mo in humans (10) .
To assess the integrity of the visual pathways, and as a control condition for the DRDC stimuli, we used standard checkerboard pattern reversal (PR) stimuli in the VEP protocol (8, 10, 11) . The PR-VEP response has a major positive peak (P 1 ) at 100 ms in adults and at around 300 ms in newborns. The maturation of PR-VEP latency is most probably driven by several ontogenetic factors affecting the visual system. The underlying changes mainly include myelination of the retinocortical pathways (14) , and the development of the retina, the optic system, the retinocortical, and intracortical synaptic connections are also in progress (15) . Fig. 3A presents typical PR-VEP responses of our preterm and full-term subjects of different ages. It is known that for large check sizes, such as used in our study (120 min of arc), maturation of P 1 is most rapid at around 6 wk of age and reaches maturity at around 5 mo (14) .
Results
Onset ages of binocular function based on DRDC-VEP responses are shown in Fig. 2 B and C. On the adjusted age scale, the two developmental curves are nonoverlapping. Onset time is 1.99 mo for preterm and 3.50 for full-term infants [Student t(28) = 4.46, P < 0.001; Kolmogorov-Smirnov (KS) test: P = 0.0011; see SI Text for modeling the data, statistical analysis, and detailed statistics]. As expressed in PNA, preterm and full-term groups have overlapping developmental functions, and onset times are 4.07 mo for preterm and 3.78 mo for full-term infants [Student t(28) = 0.578, P = 0.57; KS test: P = 0.5886, not significant]. This pattern of results clearly indicates that the developmental timing of the onset of the DRDC-VEP response is experience-dependent and not preprogrammed in the tested age ranges. Preterm infants make almost full use of the extra stimulation time, and the evoked response to binocular correlation appears at around the same time after birth as in full-term infants.
Maturational curves for P 1 latency in the PR-VEP response are shown in Fig. 3 B and C. The results are in agreement with the literature, and clearly demonstrate that VEP latencies are independent of visual experience. On the adjusted age scale, the two curves fully overlap, and the most rapid change occurs at 1.52 mo for preterm and at 1.50 mo for full-term infants [F(80)=0.0159; P = 0.9, not significant; see SI Text for detailed statistics]. On the PNA scale, preterm and full-term groups have nonoverlapping curves, with the most rapid change at 3.40 mo for preterm and at 1.62 mo for fullterm infants [F(80)=56.1; P < 0.0001; see SI Text for detailed statistics], with a 1.78-mo difference between groups, which corresponds to the mean gestational age (GA) difference (1.79 mo) between our preterm and full-term groups. This pattern of results is exactly the opposite of the one for DRDC-VEP and indicates that P 1 latency in the PR-VEP response is not determined by experience; it is fully preprogrammed. The timing of cell maturation and myelination of the visual pathways, as indicated by this response latency, is not advanced by the extra stimulation time in preterm infants.
Discussion
We demonstrated that two indicators of normal visual development present widely different patterns in response to extra stimulation time in human infants born approximately 2 mo before term. VEP response latency to checkerboard PRs is not affected by the extra time, demonstrating that the maturation of the visual pathway follows a preprogrammed course. Despite the immaturity of the visual pathway, binocular function, involving cortical processing, seems to be open for experience-dependent changes right after birth even in premature infants.
Past work on the visual development of preterm infants (15-18) has not demonstrated experience-dependent cortical development so clearly. The lack of conclusiveness in earlier studies is mainly attributable to the less abrupt onset of the previously studied mechanisms, which makes conclusions more difficult to be drawn, although indications that development is affected by variations in visual experience exist (19) . With respect to the development of binocular function in other vertebrates, experience dependency is rarely tested under normal stimulation circumstances, such as in our study. Preterm studies are not reasonable to consider in those species that are born with closed eyes and have a relatively short gestational period (e.g., ferrets, cats). The most commonly used experimental manipulations, mimicking naturally occurring human clinical conditions, are dark rearing, monocular form deprivation (by limiting the view of one eye), or induced misalignment of the two eyes. These usually lead to reversible reorganization of cortical ocular dominance columns in the critical period (1) (2) (3) (4) (5) (6) . It is assumed that the numerous molecular mechanisms uncovered with the above manipulations reveal processes that normally establish (modify and stabilize) synaptic connections in the visual cortex (2, 3, 5, 6). Although ocular dominance columns may not The interaction between brain maturation and experience can be studied by comparing preterm (violet coloring) and full-term (green coloring) populations at an early age. Development of a particular function begins with a fully immature state and ends with a fully mature state, defining a developmental window (DW), within which developmental processes occur. To compare developmental timing of different functions in preterm and full-term populations, we localize DWs by their center, which is the steepest part of the developmental function. Assuming normal distribution, onset age of an abrupt-onset function is defined by the highest slope of the cumulative onset-distribution function (DW center, as in Fig. 2 ). In the case of a gradually developing function, DW center refers to the developmental age where improvement is the most rapid (as in Fig. 3 ). Age is expressed on two complementary scales: adjusted age is the time elapsed after the first day of the last menstrual period minus the average physiological gestational period (9 mo) of the full-term population (in other words, the age the child would be if the pregnancy had actually gone to term); PNA is the time elapsed since birth. Exclusively preprogrammed development predicts identical DW centers for preterm and full-term infants on the adjusted age scale, whereas it predicts an advantage of the full-term population on the PNA scale. Experience-dependent development, on the other hand, would predict an advantage of the preterm population on the adjusted age scale, and identical DW centers on the PNA scale. These clear-cut predictions ensure that the two hypotheses (preprogrammed vs. experience-dependent development) can be contrasted with each other effectively in this paradigm.
directly be linked to binocular function (13) , column formation generally precedes the onset of the critical period and stereopsis in those species where the columns exist (2, 3, 5, 6). Both classic and modern studies support the view that neural activity driven by visual experience is essential for transforming the early rudimentary cortical connectivity patterns into a mature network in all of the studied vertebrate species (6) . The development of human ocular dominance column formation is not known; however, our results indicate that the mechanisms turning on the critical period and stereopsis are flexibly timed by external stimulation.
It is remarkable that the available 2 mo of extra stimulation in preterm human infants lead to a clear advantage in cortical detection of binocular correlation. Despite the immaturity of the visual pathways, which is demonstrated by the stimulation independent P 1 latency in our study, the visual cortex is ready to accept environmental stimulation right after birth. The results suggest that the developmental processes preceding the onset of binocular function are not preprogrammed and that the mechanisms turning on stereopsis are experience-dependent in humans.
Methods
Subjects. Age terminology was used according to the recommendation of the American Academy of Pediatrics (20) (SI Text). Fifteen healthy full-term (mean birth age, 39.07 ±1.33 wk; range, 37-40 wk; mean birth weight, 3,435 ± 494 g) and 15 healthy preterm (mean birth age, 31.27 ±3.03 wk; range, 27-34 wk; mean birth weight, 1,752 ± 683 g) infants were involved in our study. Preterm and full-term infants were recruited by mailings to new parents residing in the city of Pécs (Hungary) or in nearby settlements. Parents were fully informed about the nature of the study and signed a consent form before the experiments. Infants were tested at the University of Pécs Medical School. See inclusion criteria and follow-up of the subjects in SI Text.
DRDC. DRDCs were generated on a standard personal computer and presented on the red and green channels of a 19-inch cathode ray tube computer monitor (Samsung Model 957 MB) with 320 × 240 pixels spatial and 60-Hz temporal resolution. For dichoptic viewing, R26 low-pass (red) and YG09 band-pass (green) gelatin filters (Tobias Optic) were used. Correlated images consisted of 50% dark (black) and 50% bright (yellow) random dots; these images look identical either through the red or the green filter, respectively. Anticorrelated images contained 50% red and 50% green dots; each dark dot through the red filter corresponded to a bright dot through the green filter and vice versa. Images containing different random dot patterns were updated at 30 Hz and synchronized to the monitor refresh cycle. The alternation rate of the two phases (i.e., stimulus frequency) was 1.875 Hz. One dot in the image subtended 15 min of arc, the luminance of the bright dots through the filters was 5.85 ± 0.33 cd/m 2 , and the contrast was about 80%.
Subjects with functional binocularity perceived a 1.875 Hz pulsation; in case of monocular viewing or without binocularity, only a 30 Hz noise was visible (11) . For a more detailed description of stimulus generation, filter description, and monitor calibration procedure, see Markó et al. (11) .
Checkerboard PR. PR-VEPs were recorded as a control condition for the DRDC-VEP, mostly to see whether the DRDC stimulation frequency could be followed by the visual system of the infant. Check size was 120 min of arc, and stimulation frequency was 1.875 Hz. This frequency was identical to the one used during DRDC stimulation. The contrast was 95%, and the luminance of the white checks was 106 ± 5.04 cd/m 2 .
Experimental Procedure. The PNA of infants at the first session was 10.73± 1.47 and 11.66± 1.09 wk for the full terms and preterms, respectively. Infants were tested repeatedly, normally once in every month (average repetition rate was: 4.92 ± 0.52 wk). Measurements were continued until the appearance of the DRDC-VEP response or until the PR-VEP P 1 latency was near 100 ms. Infants were placed in a comfortable child seat or on the lap of their parents, at 0.5 m from a 19-inch cathode-ray tube monitor. The screen, which was the only light source in the darkened room, subtended about 30°× 40°within the visual field of the infants. To attract and maintain attention, a steady transparent monocularly visible image (e.g., a smiling sun) served as a fixation object at the center of the screen. Sound-making toys were also used to keep the attention of the infant as long as possible. Data acquisition was suspended during agitated or inattentive behavioral phases. PR-VEP recording preceded DRDC-VEP recording. Each DRDC-VEP recording block lasted at least for 70-100s, or up to the limit of the cooperation of the infants. Each combined PR-and DRDC-VEP session was usually shorter than 10-15 min. In those cases (5% of all sessions) where sleep or the refusal of wearing goggles prevented the completion of measurements, testing was repeated a few days later. Recording and Data Analysis. Gold-plated electrodes were placed at Oz-Fz position according to the 10-20 system, with a ground at Cz. EEG signals were amplified, band-pass filtered between 0.5-250 Hz, and sampled at 960 Hz. Signals were collected and processed with a Power1401 (Cambridge Electronic Design) data-acquisition device. Off-line analysis was started with artifact rejection. For DRDC-VEPs, records were subdivided into 2.133-s nonoverlapping epochs and then fast-Fourier-transformed, and the Fourier components of the first, second, and fourth harmonics of the stimulus frequency were used for size-dependent artifact rejection. Vectors greater than 30 μV were considered as artifacts. Signal reliability and detection of cortical binocularity was based on the T 2 circ statistics (20) carried out on the second harmonics, with significance defined at P < 0.01. T Onset age of cortical binocularity was defined as the mean age between the last testing day without and the first testing day with the DRDC-VEP response. We carried out a similar analysis for PR-VEPs; however, 1.066-s epochs were used and reversal frequency was considered as fundamental frequency. Signal reliability test provided by T ACKNOWLEDGMENTS. The idea of testing preterm human infants in the DRDC-VEP protocol came from the late Bela Julesz, the inventor of randomdot stereograms. Julesz and colleagues (7-9) initiated the DRDC-VEP protocol in adults and infants in the 1980s; however, the preterm study remained a plan until now. This research was supported by National Science Foundation, Hungary Grant OTKA (Hungarian National Science Funds) NF60806 and Social Renewal Program, Hungary Grant TÁMOP-4.2.2/08/1/ KMR. GA is the time intervening between the first day of the last menstrual period and the day of birth, conventionally expressed as completed weeks.
PNA (also called chronological age) is the time elapsed after birth, described in days, weeks, or months.
Adjusted age (ADJ) is used to describe preterm children up to the age of 3 y, and expresses the age of the infant from the expected date of birth in days, weeks or months, e.g., the adjusted age (ADJ) of a 6-mo-old (PNA) preterm infant born 1 mo earlier than expected is 5 mo (Table S1 ).
Inclusion Criteria and Follow-Up of Infant Subjects. Infants were enrolled according to the following inclusion criteria: i) General health. To ensure that all subjects were healthy, and to avoid the risk of permanent impairments affecting visual function (i.e., hypoxic lesions, impaired cerebral circulation, retinopathy of prematurity), only preterm and full-term infants who did not have congenital abnormalities, perinatal asphyxia, or other perinatal complications were participated in the study. Screening for metabolic diseases, cranial and abdominal ultrasound, brainstem evoked response audiometry (BERA), and otoacoustic emission (OAE) and orthopedic screenings were performed in all infants. In preterm infants, cardiologic examination, including echocardiography and neurological and developmental follow-up, were also carried out. Only infants without abnormalities (potentially) affecting visual and neurological development were included in the study. ii) Regular appearance. Infants were tested repeatedly, normally once in every month; however, because of unpredictable conditions, e.g., illness, inconvenient weather conditions, lack of cooperation from the infant, etc., the examination could not always be accomplished on the scheduled date. If more than 8 wk elapsed between two consecutive examinations, infants were excluded from the study because of the added uncertainty in determining onset ages for binocular function. iii) Intact binocularity. To assess binocular vision and ocular motility, we used ophthalmologic screening methods (see below). Because the normal visual development of preterm and fullterm infants was the subject of this study, if a binocular visual disorder or an ocular motility problem was suspected in a subject at the regular screenings, the data of the infant were excluded from the final analysis. Because the lack of the DRDC-VEP response after a certain age is a sign of ophthalmological abnormalities and abnormal binocular vision (2), we also excluded those infants in a post hoc manner whose DRDC-VEP did not appear until the 68th PMA week.
All enrolled preterm infants went through a monthly routine pediatric ophthalmoscopy, and all infants had a detailed ophthalmologic test between 6 mo and 3 y of age at the Department of Ophthalmology, University of Pécs (test of fixation and ocular motility and pupillary reactions; Brückner, Hirschberg, and cover test; ophthalmoscopy; and retinoscopy). Because of the careful preselection of the subjects, none of the enrolled 15 preterm and 15 full-term infants showed any sign of visual disturbance or visible morphological changes indicating pathological conditions. They all had intact vision and had reached normal binocular function by the end of their enrollment in the study.
Modeling the Data. We used a least square algorithm to fit logistic functions to PR-VEP P 1 latencies as a function of age, described by McCulloch at al. (3) . The logistic function (Fig. S1 ) was also used to fit the cumulative distribution of DRDC-VEP onset ages, where a represents the difference between the highest and the lowest values, d represents the minimum value of the function. Location of the inflection point is defined by c, whereas b correlates with the slope at the inflection point. The same logistic function was applied for modeling P 1 latencies and the cumulative distribution of DRDC onset ages; however, there are slight differences in the interpretation of the parameters. For both P 1 latency and DRDC-VEP, c is the onset age and d is the mature asymptote latency or 0% for P 1 and cumulative distribution model, respectively. Parameter a represents the difference between the mature and immature asymptote for the P 1 latency model; therefore, the immature asymptote P 1 latency is calculated as d + a. In the cumulative distribution model, a indicates that 100% of the population shows significant DRDC-VEP response. Parameter c has a positive value in the cumulative distribution model, because an increasingly larger proportion of the population bears the function as time goes on, whereas it has a negative value in the P 1 latency model, because immature P 1 decreases until it becomes adult-like .
Statistical Analysis. Residual analysis was used to determine the goodness of fit and to see whether full-term and preterm data can be described by a common function or by two significantly different functions. Residuals and the goodness of fit were calculated as follows:
where y i are the actual data points, f(x i ) is the function predicted y i at x i , SS res is the summed squared error of the residuals, and SS tot is the total error of the dependent variable. R 2 was used to describe the goodness of fit.
In the case of the cumulative distribution function of the DRDC-VEP response onset times, Student t test and the KS test can be applied to see if the mean onset times are statistically different between the preterm and full-term populations. On the other hand, the PR-VEP latency is a function of time (age) and not a cumulative distribution function (such as DRDC-VEP onset ages); therefore, simple comparative statistics cannot be applied. In the case of the PR-VEP latency, we tested the existence of a common model for preterm and full-term infants. First, the logistic function was fit to the common preterm and full-term dataset. Next, group residuals were compared by one-way ANOVA and two-sample KS test. When a common function could be fit to the data, both group residuals were distributed similarly around zero. When ANOVA and KS tests did not show significant difference between the group residuals, the common function was accepted as an equally good model for both preterm and full-term populations. When residuals were different, we concluded that the two datasets can only be modeled by significantly different functions.
Accurate determination of all four parameters of the logistic function, especially the mature and immature asymptotes of P 1 latency, requires more data than available in 30 subjects. The mature and immature asymptote has already been estimated previously (see Table S2 ). These analyses revealed that mature and immature asymptote latencies could be rounded to 95 and 285 ms, respectively. Because the goal was to determine the onset ages of adult like P 1 latency, asymptotes were preselected, a and d parameters were set at 95 and 190, respectively (the cumulative distribution a was fixed at 100% and d was set to 0%). Therefore, the number of free parameters in the model was restricted to two, i.e., b and c.
Detailed Data Analysis. DRDC-VEP measurements. After the onset of cortical binocularity, stimulus-synchronic modulation could be detected in the scalp recorded EEG responses. The phase-locking between stimulation frequency and EEG signals could be successfully detected by the T 2 circ statistic mostly in the second harmonic component of the DRDC-VEP responses (Fig. S2) . Since the first, or higher than second harmonic components rarely showed significance, we considered and accepted the existence of the second harmonic component as an ultimate marker of DRDC positive response (i.e., existence of cortical binocularity). Table S3 presents the curve fitting parameters of the cumulative distribution of DRDC onset ages. PR-VEP measurements. After around 4 mo of adjusted age, VEP latencies evoked with 120 arc/deg check size are resembling to that of adults (92-100 ms). The maturation of the PR-VEP in this study (Table S4) confirms earlier results (3) .
When data are arranged as a function of PNA, the model showed a 1.78 mo difference between groups, which is significant. This difference corresponds to the mean GA difference (1.79 mo) between preterm and full-term groups. In terms of adjusted age, the analysis did not show significant difference between groups (see Table S4 ). Determination of mature and immature asymptotes based on a large data set, established previously. Because these asymptotes are not entirely independent of the equipment of a particular laboratory, the most reliable way of estimating them is to use the standards of the laboratory (1) . In this study, we are relying on earlier measurements carried out at the University of Pécs Medical School and involving 250 subjects (age range: ADJ, 0-8 mo). The table provides the asymptotes based on these measurements. When onset ages are plotted as a function of PNA, preterm (PRE) onset ages are delayed by 0.29 mo (∼10 d), which is not a significant difference (see main text for the results of the t tests). When age is calculated as adjusted age (ADJ), cortical binocularity appears 1.51 mo earlier in preterm (PRE) than in full-term (FULL) infants, which is a significant difference. Values in parentheses are 95% confidence intervals. Values in parentheses are 95% confidence intervals. ADJ, adjusted age; COMM, common function; FULL, full term; PRE, preterm. *ANOVA test.
